Introduction
Background. The research presented in this paper is associated with a low-frequency, limit-cycle type of oscillatory condensing flow instability in multitube condensing flow systems. This research is important because large flow oscillations of the condensate in multitube systems could substantially affect the performance, control and safety of these and other associated systems. To the best knowledge of the authors, there do not appear to be any models in the archival literature predicting the conditions under which such an instability might exist for multitube systems. The focus of the present research, therefore, is the development and verification of such a model. Bhatt and Wedekind ͓1͔ and Bhatt et al. ͓2͔ studied this type of instability for single-tube condensing flow systems. Given the complexity of the physical mechanisms involved in multitube systems, and the fact that most of them are coupled in some way, a significant step is involved between successfully modeling this instability in a single-tube condenser and having the same level of success when the condenser is multitube. The task is made even more difficult when thermal and flow distribution asymmetry exists within the tube bundle. In the aforementioned single-tube studies, the physical parameters and mechanisms found to be responsible for this particular type of unstable flow behavior included condenser heat flux, liquid inertia, upstream and two-phase vapor compressibility, two-phase pressure drop and downstream flow resistance. When thermal and flow distribution asymmetry exists in multitube systems, each of the tubes would have a different condensing length, two-phase pressure drop, two-phase vapor compressibility and a different amount of liquid inertia.
Constructing a rational bridge between the single-tube instability model and a viable multitube model required a sequence of planned research studies. These studies were designed to investigate various modeling techniques for describing each of the above multitube complexities in such a manner that each technique could be validated experimentally. This type of sequential approach is important when attempting to sort out the complex physical mechanisms associated with systems or processes with multiple and coupled phenomena. Also, consistent with the previous work of the authors, the goal of the research was to keep the final model as ''user friendly'' as possible, so that parametric studies could be carried out on typical ''spread-sheet'' software.
The first step in constructing this rational bridge was the theoretical development and experimental verification of an Equivalent Single-Tube Model ͑ESTM͒ ͓18͔. This model demonstrated the feasibility of modeling transient flow surges associated with multitube condensing flow systems. The most salient feature of the ESTM is its simplicity-being able to accurately describe multitube condensing phenomena in terms of an equivalent singletube condensing flow system. At that point in time, however, the ESTM was limited to incompressible flow. To further evaluate the model, the predictive capability of the ESTM was extended to predict the frequency-response characteristics ͓3,4͔ of multitube condensing flows systems, again under the conditions when compressibility effects are negligible. Wedekind et al. ͓5͔ developed the means to further extend the concept of an ESTM to predict the transient flow surge phenomenon in multitube condensing flow systems, when compressibility effects are significant. This was a necessary step in understanding how to model compressibility effects for a multitube system, since it is one of the dominant energy storage mechanisms responsible for the instability under consideration. The effects of thermal and flow distribution asymmetry were also considered. These effects included the pressure drop and the vapor volume in the two-phase region-both of which may vary from one tube to another, depending on the magnitude of the asymmetry.
Since the focus of the current paper is a limit-cycle type of flow instability, a technique was needed for modeling two additional physical mechanisms for multitude systems-liquid inertia and the influence of compressibility on the effective point of complete condensation. Neither of these two mechanisms were of significance in the earlier multitube studies, but both are necessary for the instability to exist.
The research reported in this paper extends the existing ESTM concept to include the effects of compressibility on the dynamics of the effective point of complete condensation in each tube, and the effects of liquid inertia. Liquid inertia involves an appropriate combination of the inertia due to liquid within each individual condenser tube and within and downstream of the exit manifold. The effective point of complete condensation and the amount of liquid inertia may also vary significantly from one tube to another, depending on the magnitude of thermal and flow distribution asymmetry. Such interaction adds considerable complexity to the problem.
Other Relevant Research. Certain condensation-induced instabilities are known to have a dramatic effect during the by-pass phase of the PWR loss of coolant accident ͓6,7͔. They are also associated with countercurrent ͑reflux͒ and cocurrent condensation inside the steam generator tubes of the PWR, during a small break ͑without scram͒ loss of coolant accident ͓8͔. Steam chugging within the condensation pipes of a pressure suppression system of a BWR ͓9,10͔ is also due to condensation-induced instabilities. Also, in a study involving a multitube condenser for space application ͓11͔, substantial pressure drop fluctuations were observed in each of the condenser tubes. Some of these fluctuations were as high as 50 percent of the mean value. Therefore, such instabilities are expected to play a significant role in the operation of the overall system. Boyer et al. ͓12͔ observed an oscillatorytype of flow instability in condensing steam in a vertical annular passage. Condensing flow instabilities are also important in ocean thermal energy conversion systems and a host of other applications in refrigeration, chemical processing and electronic component cooling ͓13͔.
To the best knowledge of the authors, the ESTM represents the only developed model in the archival literature capable of predicting transient phenomena in multitube condensing flow systems. The purpose of this paper is to show how the ESTM concept can be extended to have the capability of predicting the onset of selfsustained oscillatory flow instabilities in multitube systems, and to verify this capability experimentally.
Formulation of Governing Differential Equations
A schematic of a two-tube horizontal condensing flow system is depicted in Fig. 1 . The mass flowrate, heat flux, and crosssectional geometry of each channel is allowed to be different; however, the length of the channels is assumed to be the same. Viscous dissipation, longitudinal heat conduction, and changes in kinetic energy are considered negligible. The spatially-averaged heat flux for each tube is assumed to be time-invariant. Since thermodynamic equilibrium is assumed to exist in the two-phase region, all thermodynamic properties are assumed to be saturated properties, independent of axial position, and evaluated at the mean condensing system pressure, which is, however, allowed to vary with time. The local flow quality and local area void fraction are allowed to vary within the two-phase region with both axial position and time. The region upstream of the two-phase region, in/and upstream of the individual condenser tubes, is assumed to be adiabatic and saturated. Also, the inlet flow quality into each individual tube is assumed to be unity, and complete condensation is assumed to take place in each condenser tube.
In the subsequent analysis, the effect of property variations with pressure changes is considered negligible. In previous research ͓5͔, it was important to retain this effect because of the amplification characteristics of condensing flow systems, where very large transient flow surges would be accompanied by significant pressure changes in the upstream vapor volume. However, the purpose of this research is to model the stability boundary, not the instability itself. It will be seen later in this paper that, under certain conditions, very large self-sustained oscillations may occur in the outlet liquid flowrate, which are accompanied by significant oscillations in the condensing pressure. At the stability boundary, however, these oscillations are not present and the condensing flow system operates in what is normally referred to as steadystate conditions, even though stochastic fluctuations inherent to all Transactions of the ASME two-phase flow systems are still present. In this situation, the condensing pressure remains virtually constant, and in turn, the thermodynamic property variations would be negligible. Central in the development of the governing equations is the System Mean Void Fraction ͑SMVF͒ Model, which is a onedimensional, two-fluid, distributed parameter integral model describing the primary physical mechanisms within the two-phase region, and 1 which incorporates the concept of a non-fluctuating system mean void fraction, ␣ . System Mean Void Fraction Model. The SMVF Model, developed in previous research, is a way of modeling the transient characteristics of the effective point of complete condensation, (t). It is obtained by application of the conservation of mass and energy principles to the two-phase region. The differential equation governing the effective point of complete condensation for a representative j th tube, j (t), was developed by Wedekind et al.
͓5͔ and is expressed as
where the condensing flow system time constant for the j th tube, c, j , is expressed as
It should be pointed out that the last term in Eq. ͑1͒ has in prior research been negligible. In this research, however, the effects of compressibility on the motion of the effective point of complete condensation, j (t), is a critical and necessary coupling mechanism in successfully modeling the stability boundary. The system mean void fraction, ␣ , is defined in terms of the local area void fraction, ␣(z,t), and represents the integral form of the mean value theorem; thus,
It had been determined in previous research ͓14͔ that, for most applications, the system mean void fraction is essentially timeinvariant. Physically, this requires the redistribution of liquid and vapor within the two-phase region to occur at a rate faster than that of the deterministic flow transient, and is mathematically guaranteed by being able to establish a similarity relationship. This simplification has the effect of uncoupling the conservation of mass and energy principles, in the two-phase region, from the transient form of the momentum principle; thus, only the steadystate form of the momentum principle is required. For this situation, the system mean void fraction, ␣ , can be obtained by the following model:
The time invariance of the system mean void fraction does not preclude transient changes in the local area void fraction affecting the deterministic flow transient. Time invariance only applies to the mean value of the void fraction from the point where condensation begins, zϭ0, to the effective point of complete condensation, j (t). The particular void fraction model used here is that proposed by Zivi ͓15͔. It was chosen for its simplicity and proven accuracy for these types of flow problems. Any void fraction-flow quality relationship, however, that is valid over the full range of flow qualities would yield similar results ͓14͔.
Vapor Compressibility. The vapor compressibility can be obtained from the transient momentum principle ͓1,16͔; thus,
where Equivalent Liquid Inertia Length. A more general expression to that in Eq. ͑7͒ was first obtained from the inertia term in the momentum principle, and is seen to consist of a downstream portion and an equivalent value for the multitube condenser bundle, which in turn involves the liquid inertia length and resistances in the individual condenser tubes 3 ; thus,
where
Also, the equivalent flow resistance coefficient for the multitube condenser bundle, k eq Ј , is expressed ͓5͔ as
It is reasonable to assume that the flow resistance coefficient in a representative j th tube, k t, j Ј , is approximately the same value as that of the entire tube bundle, k n Ј , because, with common headers, the pressure drop across any tube and the entire tube bundle is the same. The ratio of flow resistance coefficients seen in Eq. ͑10͒, between that of the entire bundle and a single representative j th tube, can therefore be reduced to
Eq. ͑10͒ in turn reduces to
The average value of the effective point of complete condensation, j , obtained from Eq. ͑8͒, is used to compute the linearized inertia length for that tube, L j * . Therefore, the linearized equivalent liquid inertia length for the entire multitube system can be expressed as
If the number of individual condenser tubes in the multitube bundle, n, is large and/or the length of the subcooled liquid region in each tube, L j * , is small, then the equivalent inertia length is essentially just the length of the downstream liquid region; thus,
This may in fact be true in many industrial applications because, in part, excessive subcooling of the liquid in each of the condenser tubes may lead to certain types of instabilities in the multitube system. Rabas and Minard ͓17͔ point out that, due to the possibility of certain instabilities occurring in multitube systems, many condensers are designed to minimize subcooling of the liquid by minimizing the length of the individual condenser tubes.
Outlet Liquid Flowrate. The differential equation governing the transient outlet liquid flowrate, m t,o (t), is similar to what was presented by Wedekind et al. ͓5͔
, but with an additional term due to the effects of inertia, effects which were not considered in the prior research; thus,
where the system inertia and compressible flow system time constants, i,s and f ,s , are respectively expressed as
and, where
Equation ͑17͒, governing the outlet liquid flowrate, m t,o (t), is similar to that presented by Wedekind et al. ͓5͔ , but with the addition of the first term, related to inertia effects, which results in this differential equation being of second order, rather than first order. This equation is seen to be dependent on the effective point of complete condensation in each tube, j (t), Eq. ͑1͒, which in turn is dependent on the outlet mass flowrate through the mechanism of vapor compressibility, Eq. ͑5͒; thus the two-way coupling.
This set of governing differential equations can be combined to yield n-coupled, second-order differential equations governing the response of the outlet liquid flowrate, m t,o (t), to an inlet vapor flowrate variation, m t,i (t), which, when added together and rearranged result in the following third-order differential equation governing the outlet liquid flowrate, m t,o (t):
and where the flow distribution parameter, ␥ j , is defined as
The time constant 2w,s , defined in Eq. ͑23͒, represents a twoway coupling between the outlet liquid flowrate and the effective point of complete condensation, borne from the inclusion of the influence of compressibility on the effective point of complete condensation, Eq. ͑1͒. As mentioned earlier, this influence has been negligible in prior multitube research ͓3-5͔, but is essential in the prediction of the stability boundary. Stated another way, neglecting this effect, by dropping the last term in Eq. ͑1͒, or 2w,s in Eq. ͑22͒, the forthcoming analysis would predict that the instability in the current research cannot exist under any operating conditions.
Referring to Eq. ͑24͒, the flow distribution parameter, ␥ j , is physically defined as the fraction of the total mass flowrate entering tube j. A flow distribution parameter ␥ j ϭ1/n assures flow distribution symmetry in an n-tube system. Also, the sum of the flow distribution parameters for all of the condenser tubes is unity. This is a consequence of its definition and the conservation of mass principle. The parameter, ␤ j , is the product of the heat flux ratio between a reference tube ͑usually designated as tube 1͒ and any tube in the system, and a geometrical ratio between any tube and the same reference tube ͓18͔. In general, ␤ j у0, and ␤ j ϭ1 signifies thermal/geometrical symmetry of the multitube system. Although the model does allow for cross-sectional geometrical variations in the individual tubes, they will not be considered here, and ␤ j will therefore be considered a thermal asymmetry parameter; thus,
Both the thermal and flow distribution asymmetry parameters, ␥ and ␤, respectively, are considered system parameters in the classical sense ͓5͔. Equation ͑22͒ cannot, in general, be solved in its present form because there are (nϪ1) too many unknowns, except for the situation where thermal symmetry exists. Thermal symmetry would result in the condensing flow system time constant of each individual condenser tube, c, j , being the same. Such a solution, however, would obviously be incapable of providing any insight into the effects of thermal asymmetry. Utilizing the approximation technique embodied in the concept of the Equivalent Single-Tube Model ͑ESTM͒, however, Eq. ͑22͒ can be simplified considerably.
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Transactions of the ASME Equivalent Single-Tube Model "ESTM…. The ESTM is an approximation technique which has been successfully employed in predicting various transient characteristics associated with multitube two-phase condensing flow systems ͓5,18͔. This approximation technique has the effect of reducing the governing differential equation, Eq. ͑22͒, which contains summations, to an approximation of Eq. ͑22͒ where the summations are eliminated. The resulting equation is of the same form as that of a single-tube condensing flow system ͓1͔; thus the term equivalent single-tube. The ESTM incorporates an equivalent single-tube condensing flow system time constant, c,s , which is a weighted average of the condensing flow system time constants associated with each individual tube, c, j ; thus,
Utilizing the above approximation, Eq. ͑22͒ can be reduced by substituting c,s for every c, j and rearranging; thus,
Although the above equation is of the same form as that for a single-tube ͓1͔, the physical meaning of the various terms in the equation is considerably different. If a flow instability is to occur, oscillations in the inlet vapor flowrate, m t,i (t), must be coupled in some way to the oscillations in the outlet liquid flowrate, m t,o (t). Therefore, the inlet vapor flowrate needs to be modeled. The pressure drop across the outlet flow resistance, obtained from the momentum principle ͓1͔, is given by
Referring to Fig. 1 , there is a corresponding pressure drop across an inlet resistance where the vapor flowrate, m t,i (t), enters the system. Neglecting the inertia of the inlet vapor flowrate,
Adding Eqs. ͑28͒ and ͑29͒, an expression for the total pressure drop across the entire condensing flow system, (p i Ϫp o ), is expressed as 
Prediction of the Onset of Flow Instability. It should be noted that the parameters appearing in Eq. ͑32͒ are multitube parameters. Thus, the former single-tube governing equation was incapable of predicting the behavior of a multitube system. The above multitube equation can be non-dimensionalized and, utilizing Routh's stability criterion, an expression can be obtained to predict the conditions under which the system would be stable, in terms of several dimensionless numbers, each involving various system parameters ͓1͔; thus,
Both N c and N i are directly proportional to the condensing flow system time constant, c,s . Thus, an examination of Eqs. ͑33͒ through ͑35͒ indicates that the instability would be most prevalent when c,s is small, corresponding to the case of high heat flux in the individual condenser tubes. Also, the role of subcooled liquid inertia becomes clear by examining Eq. ͑35͒. The equivalent inertia length for the multitube system, which would mainly be due to the inertia of the downstream portion of the system, is seen to be in the denominator. Therefore, a long inertia length would tend to destabilize the system. It may well be that the length of the subcooled liquid region downstream of the multitube condenser bundle cannot be controlled. The amount of compressibility, however, usually can be. An examination of Eq. ͑34͒ reveals that the dimensionless number N c is inversely proportional to the vapor volume and downstream flow resistance. Although the upstream vapor volume may be beyond the control of the design engineer, the downstream flow resistance is more readily controlled. Increasing the downstream flow resistance would then have the effect of stabilizing the system, but at the expense of pressure drop.
The natural frequency of oscillation associated with the above set of equations can also be obtained ͓1͔; thus,
Again, the form of the above predictions for both the stability boundary and corresponding natural frequency appear identical to that reported by Bhatt and Wedekind ͓1͔. It should again be pointed out, however, that the parameters in the above equations are multitube parameters, parameters that were not considered in the earlier single-tube study. The former single-tube model, therefore, is incapable of predicting the stability characteristics of multitube systems.
Experimental Verification
Because of the nature of the ESTM, the equivalent single-tube condensing flow system time constant being a weighted average of the condensing flow system time constants associated with each individual tube, Eq. ͑26͒, it seems intuitive that the ESTM approximation would improve with an increasing number of tubes. Thus, a two-tube system with significant thermal asymmetry may very well represent a worst-case situation for the ESTM ͓5͔. Therefore, consistent with previous multitube research, the multitube system utilized in the current experimental phase of the research also consists of two parallel tubes connected to common headers.
Experimental Apparatus and Measurement Techniques.
A schematic of the experimental apparatus is shown in Fig. 2 . Refrigerant-12 vapor is generated in the high-pressure reservoir ͑vapor generator͒ by circulating temperature-regulated hot water in the finned tubes coiled inside the shell of the reservoir. The high-pressure vapor first passes through the flow-control module, essentially consisting of a manually operated throttling valve. Both the flow control module and the orifice flowmeter are heated so as to prevent any condensation from occurring. Downstream of the orifice flowmeter, the refrigerant vapor passes through a superheater ͑to prevent premature condensation͒, a variable-area flowmeter, and then splits into two individual feeder tubes. It then passes through a turbine flowmeter in each feeder tube and finally through an additional heat exchanger ͑pre-condenser͒, which is used to adjust the inlet flow quality, x i , for each condenser. Sightglass sections at the outlet of the pre-condenser are used to visually confirm the existence or non-existence of liquid prior to entering the condenser test sections.
The test sections are horizontal, copper, concentric-tube condensers approximately 5 meters long, where the inner tubes are single, uninterrupted tubes with inner and outer diameters of 8.0 mm ͑0.315 in͒ and 9.5 mm ͑0.375 in͒, respectively. Chilled water is circulated through the annulus and is counterflow to the incoming refrigerant-12 vapor. The outer tube has an inner diameter of 17.3 mm ͑0.68 in͒. The temperature of the chilled water is controlled for each tube as is the flowrate, which is measured by variable-area flowmeters. A series of thermocouples are positioned at equal spacing intervals axially along each test section and are used to experimentally locate the position of the effective point of complete condensation. This experimentally measured effective point of complete condensation, (t), agreed to within 10 percent of that predicted by the empirical model of Bhatt and Wedekind ͓19͔, which was used to predict the spatially average condensing heat flux, f q .
Downstream of the test sections, the liquid refrigerant leaving the condenser tubes combines at the outlet manifold, after which this combined flow passes through a precalibrated variable-orifice flowmeter, which also doubles as the major variable flow resistance controller, into the low-pressure reservoir, maintained at a constant pressure by circulating temperature-regulated cold water in the finned-tubes coiled inside the shell of the reservoir. Liquid refrigerant is pumped back to the high-pressure reservoir through a small, variable-speed, positive-displacement gear pump. In this way, the condensing flow experimentation is continuous.
Prior to each test, static calibration of the pressure transducers is carried out with refrigerant-12 vapor at a pressure below the saturation level to ensure that no condensation takes place during calibration. The transducers are carefully calibrated against a very accurate digital pressure transducer. A four-channel continuous chart recorder documents the voltage output signal traces as a function of time for the differential pressure transducer associated with the inlet orifice vapor flowmeter, the output signal for both inlet vapor turbine flowmeters, and the differential pressure transducer located across the variable-orifice liquid flowmeter at the system outlet.
Measurement Uncertainties. Uncertainties in differential pressure measurements were less than Ϯ0.138 kPa ͑Ϯ0.02 psi͒ because, prior to every test, all pressure transducers were calibrated against the above mentioned digital pressure transducer Transactions of the ASME ͑Mensor model 14000 digital pressure gauge͒, whose accuracy was better than Ϯ0.069 kPa ͑Ϯ0.01 psi͒. Uncertainties in absolute pressure measurements were Ϯ1.38 Pa ͑Ϯ0.2 psig͒. Temperature measurement uncertainties were Ϯ0.42°C ͑Ϯ0.75°F͒. The standards that were used for flow measurement calibration were liquid and vapor turbine type flowmeters, which had an accuracy of Ϯ2 percent of flow. Special measurements were carried out to calibrate the orifice vapor flowmeter at the system inlet, and the variable-orifice liquid flowmeter at the system outlet. The calibration curve for the inlet orifice vapor flowmeter was accurate to within Ϯ5 percent of the flowrate, whereas the outlet variable-orifice liquid flowmeter had a slightly higher uncertainty of Ϯ7-8 percent. However, steadystate tests showed that the inlet orifice vapor flowmeter measured the flowrate to within 3 percent of that measured by the combined vapor turbine flowmeters in the two feeder tubes for a wide range of flowrates and flow distribution asymmetries. In fact, the vapor turbine flowmeter traces were recorded continuously during every test run along with the orifice flowmeter, in part to continuously monitor the flow distribution, and in part as a redundant flow measurement device for the orifice vapor flowmeter. For steadystate tests, the outlet variable-orifice liquid flowmeter agreed with the inlet orifice vapor flowmeter to within Ϯ7 percent, again affirming the quality of the flow calibration process.
The major uncertainty associated with the flow instability, however, is not due to the aforementioned measurement uncertainty, but rather is in the experimental determination of the stability boundary. The criterion for determining this boundary involved the observation of a degree of the inherent randomness in the outlet liquid flowrate, m t,o (t). Although some subjectivity in this determination is unavoidable, great care was taken to apply the criterion consistently throughout the experimentation. In many cases, although the outlet liquid flowrate appeared mostly random, Transactions of the ASME intermittent growth and decay of the flow oscillation was observed. 4 Therefore, the criterion for determining whether or not the system was stable was that the outlet liquid flowrate consisted of mostly random fluctuations and furthermore showed no potential for even intermittent flow oscillation growth. Thus, the maximum uncertainty associated with experimentally determining the stability boundary is approximately 15 percent.
Experimental Verification of Stability Criterion. The experimental procedure that was followed for experimentally verifying the stability criterion, predicted by the ESTM, consisted of initially establishing obtainable operating conditions that represent a suitable point well within the unstable domain. An instability in the outlet liquid flowrate was indicated by an initial growth in the amplitude of the inherent stochastic flow fluctuations, which would subsequently become fully-developed oscillations of fixed amplitude. The final stage is a self-sustained, limit-cycle type of flow instability. Figure 3 depicts a typical strip-chart trace of the outlet liquid flowrate, m t,o (t), and shows the inherent stochastic fluctuations, the growth and eventual limit-cycle type of behavior.
A subsequent means of stabilizing the system was achieved by varying one or more system parameters seen in Eqs. ͑34͒ through ͑36͒, such as the heat flux, the mean system flowrate, or the outlet flow resistance. Although several other parameters could be changed to stabilize or destabilize the system, changing the outlet flow resistance or the total mean flowrate were the most convenient in most instances. System stability is indicated by a decay in the amplitude of the oscillations in the flowrate and the reappearance of the inherent stochastic fluctuations. Figure 4 depicts the stabilization of the flowrate from an initial unstable behavior. In this condition, measurements were taken and used to determine the parameters, and in turn the dimensionless numbers N i , N o , and N c , which locate the position of the data point on the stability plot. The transient decay of the oscillations and the reappearance of the inherent fluctuations was faster than that of the growth cycle, which was depicted in Fig. 3 . The amplitude of the oscillations in Figs. 3 and 4 is very large, as much as 12 times the mean flowrate. As can be seen, significant flow reversals exist. The system could be destabilized, as seen in Fig. 4 , by adjusting the one or more system parameters, initially changed to stabilize the system, back to their original values.
In Figs. 3 and 4, the magnitude of the inherent stochastic fluctuations appears to be large. The variable orifice flowmeter that measures the transient outlet liquid flowrate, m t,o (t), is also used as the major control mechanism of flow resistance. In the above figures, to initiate a flow instability, or to terminate an existing instability, the outlet flow resistance had to be decreased, or increased, respectively. By changing the flow resistance, however, the value of the calibration constant for the variable orifice flowmeter also changes. Therefore, in Figs. 3 and 4 , what is referred to as the stable condition, where the inherent stochastic fluctuations are present, the actual flowrates are somewhat less in magnitude than the scale depicts.
The experimental data indicating the onset of unstable flow are shown by the data points in Fig. 5 . The data include many different flow conditions and configurations, such as two-tube data with varying degrees of thermal and flow distribution asymmetry; both configurations being run with different vapor volumes and inertia lengths. Superimposed on this graph is the stability criterion, predicted by the ESTM, Eq. ͑33͒, which is shown by the solid straight lines that represent the boundary between the stable and 4 It is noteworthy to point out that the intermittent flow oscillations observed, when the system was near the stability boundary, is conceptually similar to turbulent flow in a tube, as the Reynold's number is decreased towards the critical value for transition to laminar flow. In the transition region between laminar and turbulent flow, but closer to the laminar boundary, the laminar flow is still unstable and generates intermittent ''bursts'' of turbulent fluctuations ͓20͔. 5 The intercept on the abscissa and ordinate in Fig. 5 is the dimensionless number N o , Eq. ͑36͒. The two parallel lines depicted in Fig. 5 represent the extremes of the predicted stability boundary for all of the experimental data presented, due to variations in the outlet-to-inlet flow resistances, (k o */k i *).
A comparison of the experimental data with the theoretical stability boundary predicted by the ESTM indicates a high degree of agreement, especially in light of the uncertainty in pinpointing the exact location at which the system stabilizes or destabilizes. This degree of agreement is even more significant when consideration is given to the complexity of the many different physical mechanisms involved, and the simplicity of the ESTM, complete with its ability to accurately predict the effects of thermal and flow distribution asymmetry for a multitube system. Experimental Verification of Natural Frequency. The experimental data, shown in Fig. 6 , represent the natural frequency of the self-sustained limit-cycle oscillations. The degree of agreement between the natural frequency, predicted by the ESTM, Eq. ͑37͒, and the experimentally measured frequency, is quite good, and covers as wide a range as was possible with the existing experimental apparatus, 0.3р f р0.7 Hz.
The range of natural frequencies presented was made possible by changes in the upstream vapor volume and inertia length. As can be seen in the schematic of the experimental apparatus in Fig.  2 , a variable vapor volume in the upstream portion of the apparatus allowed for the total upstream vapor volume, V u , to be changed readily. The variable vapor volume was heated so as to prevent condensation from occurring within the added volume. Figure 7 depicts the experimentally measured flow instability when a sudden increase in upstream vapor volume is made. This increased vapor volume caused a sudden decrease in the natural frequency of oscillation. After the system was allowed to operate in this mode for some time, the additional variable vapor volume was then isolated from the apparatus, and the previous oscillation frequency was regained very quickly. The difference in the natural frequency between the two unstable conditions is quite apparent.
As can be seen in Fig. 6 , the ESTM predicted slightly lower natural frequencies than what was measured experimentally. However, the correspondence between the predictive capability of 5 It should be pointed out that a favorable feature of the present ESTM is that the stability boundary is valid for any number of tubes in the condensing flow system, as is indicated in Fig. 5 by being able to display both two-tube and single-tube data together on the same plot. Transactions of the ASME the ESTM and direct experimental data is again quite good, especially considering the physical complexity involved, and the model's simplicity.
Summary and Conclusions
The research presented in this paper is a theoretical and experimental investigation of a low-frequency, self-sustained, limitcycle type of oscillatory instability in the outlet condensate flowrate. The oscillations are of large amplitude and may include flow reversals. This instability normally exists under conditions of high heat flux and low outlet flow resistance.
The primary physical parameters responsible for this particular type of unstable behavior include the condenser heat flux, downstream inertia of the subcooled liquid, compressibility in the upstream vapor volume, and flow resistance; with the liquid-tovapor density ratio being the primary physical parameter responsible for the amplitude of the oscillations. A means was developed for extending the Equivalent Single-Tube Model ͑ESTM͒, based on the System Mean Void Fraction ͑SMVF͒ Model, to predict the stability boundary for a multitube system. This predictive capability was verified experimentally for a twotube system, which may well be a worst-case situation for the accuracy of the ESTM. The corresponding natural frequency of oscillation also compared favorably with the experimental data. The upstream compressible vapor volume and downstream liquid inertia appear to be the dominant energy-storage mechanisms responsible for this unstable behavior.
The experimental data presented in this research directly verifies the predictive capability of the ESTM, and, in turn, that of the SMVF Model. The true value and utility of the ESTM can only be comprehended when consideration is given to the complexity of the numerous physical mechanisms involved in multitube condensing flow systems, and the high degree of accuracy of such a relatively simple model; a model which can be solved, and graphically demonstrated, on typical 'spread-sheet' software.
